A hallmark of temporal lobe epilepsy (TLE) is hippocampal neuronal demise and aberrant mossy fiber sprouting. In addition, unrestrained neuronal activity in TLE patients induces gene expression including immediate early genes (IEGs) such as Fos and Egr1. We employed the mouse pilocarpine model to analyze the transcription factor (TF) serum response factor (SRF) in epileptogenesis, seizure induced histopathology and IEG induction. SRF is a neuronal activity regulated TF stimulating IEG expression as well as nerve fiber growth and guidance. Adult conditional SRF deficient mice (Srf
Introduction
Epilepsy is characterized by repeated seizures as a result of uncontrolled neuronal network synchronization occurring in 1% of the population. Temporal lobe epilepsy (TLE) is the most common form of partial epilepsy which accounts for about 60% of partial epilepsy cases [1, 2] . TLE affected neuronal networks show several molecular and anatomical alterations [3] [4] [5] [6] . In resected brain areas of TLE patients, excessive neuronal activity stimulates rapid neuronal gene induction including IEGs [7, 8] . Further, hippocampal sclerosis is a neuropathological hallmark in many patients. This includes granule cell dispersion, loss of pyramidal neurons and immune responses by for instance microglia [9, 10] . Additionally, exuberant mossy fiber sprouting of granule cell neurons is suggested to modulate excitatory or inhibitory properties of seizure-generated neuronal circuits [4] .
Several human TLE characteristics are reproduced in rodent models, employing e.g. kainic acid or pilocarpine injection [11, 12] . These epilepsy models replicate IEG induction observed in TLE patients [13] [14] [15] [16] [17] [18] . In addition, hippocampal neuronal loss and mossy fiber sprouting are observed [12] . We employed injection of pilocarpine, a cholinergic muscarinic M1 receptor agonist. In this model, mice experience three epilepsy phases, similar to patients. In the acute phase, 20 min -2 h after injection, mice develop a status epilepticus (SE), which lasts for hours unless stopped with anticonvulsants such as diazepam.
After experiencing an SE, a latent seizure-free period follows, after which mice enter the chronic phase with frequent spontaneous recurrent seizures [12] .
Since exuberant neuronal activity is a characteristic of TLE, we analyzed the neuronal activity regulated transcription factor serum response factor [19] [20] [21] . In a previous study, enhanced SRF occupancy at target genes was reported in the rat pilocarpine model [22] . However, so far, an impact of SRF on gene expression, seizure occurrence and histo-pathological seizure hallmarks was not investigated in the pilocarpine model. SRF mediates IEG responses elicited by physiological [23] [24] [25] [26] [27] and pathological stimuli [22, 28] . In the kainic acid model, SRF mediates an SE triggered IEG response [22] . In addition, SRF occupancy at IEG promoters [22, 29] and SRF phosphorylation [30] , indicative of SRF activation, are enhanced in mouse epilepsy models. Here, SRF might team up with its Elk-1 cofactor whose ablation reduces IEG induction in epileptic mice [31] . In adult Srf mouse mutants, SRF ablation enhanced SRS frequency [22] , but so far no impact of SRF on the initial SE was reported in any model. Herein, we show for the first time the role of SRF in pilocarpine-evoked SE occurrence. Similarly, SRF was so far not associated with epileptiform hippocampal sclerosis, despite reported functions in related processes such as neurodegeneration [32, 33] , axon growth, pathfinding and regeneration [34] [35] [36] [37] [38] [39] as well as inflammation [40] . Employing adult SRF ablation in glutamatergic forebrain neurons (Srf
CaMKCreERT2
), we show here decreased epilepsy associated neurodegeneration, mossy fiber sprouting and inflammation.
SRF is activated through MAP kinase signaling, a crucial signaling pathway transducing seizure activity [6] . ERK and ERK inhibiting phosphatases, so-called DUSPs (dual specific phosphates), are activated in rodent seizure models [41] [42] [43] [44] and epilepsy patients [7] . Moreover, ERK inactivation [45, 46] or activation [47] results in decreased and enhanced seizure activity, respectively. Our study suggests a feedback loop of SRF with MAP kinase signaling underlying SRF's role in epileptic mice.
In summary, we show a role for SRF in epilepsy associated gene transcription, neurodegeneration, mossy fiber sprouting and inflammation.
Methods

Mice and tamoxifen injection
Srf
CaMKCreERT2 mice were described before [40] . All mice were on a C57/Bl6 background. In brief, mice carrying a floxed Srf allele [48] were interbred with CaMKCreER T2 mice obtained from G. Schütz [49] . In general, we used male and female littermates derived from breeding pairs with both parents bearing the genotype Srf +/− and CreER
T2
-positive for all experiments. We did not observe differences in seizure responses between males and females.
As control mice (control), we used for all experiments animals being heterozygous (het) for Srf and positive for the Cre allele (i.e. Srf
+/−;CaMKCreERT2
). For the Cre allele, we cannot distinguish between mice harboring a single or two Cre alleles. After Cre mediated recombination, SRFdeficient animals were designated Srf −/−;CaMKCreERT2
. After seven to 8 weeks after birth, we injected all animals used for experiments with tamoxifen (2 mg dissolved in 10% ethanol in peanut oil; Sigma) once a day for five consecutive days.
The local governmental authority for animal experimentation (Regierungspräsidium Tübingen, Germany) approved all of the mouse experiments in this study.
Seizure induction
Seizures were induced by administration of pilocarpine, a muscarinic cholinergic agonist [50, 51] . In brief, 20 min before pilocarpine administration, animals were injected with a low dose of the cholinergic antagonist methyl scopolamine nitrate (1 mg/kg, s.c.; Sigma, Germany) to reduce peripheral cholinergic effects. Animals received an intra-peritoneal injection of pilocarpine hydrochloride (335 or 350 mg/kg; Sigma, Germany) to induce an SE. Littermate control mice were injected with Ringer solution. Diazepam (4 mg/kg, s.c.; Ratiopharm, Germany) was administered to the animals 40 min after the onset of SE to terminate seizures. All drugs were dissolved in Ringer solution. After pilocarpine injection, all animals were observed for a time period of 4 h to assess severity and duration of behavioral seizures. Pilocarpine-induced seizures were classified based on the Racine scheme as described before [40] , i.e. stage 1: immobility, rigid posture; stage 2: repetitive movements, head bobbing; stage 3: motor seizure with forelimb clonus; stage 4: severe seizures with rearing without falling; stage 5: severe seizures with rearing and falling or jumping; SE was defined by continuous seizure activity for at least 10 min without full recovery between seizures. In this study, mice were either killed after 40 min of SE (40 min of continuous seizure activity without full recovery between seizures) or injected with diazepam. After SE, all mice were fed with 5% glucose solution (Fresenius, Germany) and soaked rodent food.
EEG recordings
For long term seizure and EEG monitoring, a permanent telemetric EEG−/video-monitoring system (Data Science International, USA) was used. Nine days before SE induction, mice were implanted with EEG electrodes using stainless steel screws positioned at posterior −1.5, lateral −1.5 in millimeter relative to bregma under deep anesthesia (6 mg/kg Xylazin, Albrecht, Germany and 90-120 mg/kg Ketamin, WDT Germany). The electrodes were fixed with cement. The EEG transmitter was subcutaneously placed on the right abdominal side and connected to the electrodes subcutaneously. All implanted mice received analgesic treatment for 2 days (5 mg/kg Ketoprofen, Gabrilen, Mibe, Germany, s.c. twice a day) after implantation as well as antibiotic treatment during the monitoring phase (5 mg/kg p. o. Enrofloxacin, Baytril®, Bayer, Germany). Two days after implantation, video/EEG monitoring was started to allow for baseline recording before seizure induction. Nine days after EEG electrode implanting, pilocarpine injection to induce SE was performed as described above. The sampling rate of EEG recordings was 500 Hz and they were analyzed using fast Fourier power spectral analysis (FFT), provided by Neuroscore 3.0 software (Data Science International, USA). Band power was analyzed in five frequency bands: delta (0.5-3.99 Hz), theta (4-7.99 Hz), alpha (8-12 Hz), beta (16) (17) (18) (19) (20) (21) (22) (23) (24) , and gamma (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . The relative band power increase was calculated by normalizing the area under the curve of each power band from the period of pilocarpine injection until diazepam injection to the corresponding area under the band power curve for baseline EEG signal of identical duration obtained 24 h before SE. From concurrent video recordings, all spontaneous seizures were classified as described previously [51] . In brief, a stage 4 SRS consisted of severe seizures with rearing but without falling whereas a stage 5 SRS was scored when severe seizures with rearing and falling or loss of righting ability occurred. EEG spikes were detected using an absolute threshold protocol with a set threshold value of 100 μV to a maximum of 5000 μV. The minimum spike duration was set to 5 ms and maximum spike duration to 70 ms. A spike train was defined by a minimum spike interval of 0.005 s and a maximum spike interval of 1 s. Minimum train duration was set to 30 s.
Of note, visual inspection of seizure occurrence (see above) was performed at Ulm University, whereas EEG recordings were performed at Tübingen University.
Transcriptomics and quantitative real-time PCR (qPCR)
For RNA isolation from mouse hippocampal tissue, we employed the ISOLATE II RNA/DNA/Protein kit (Bioline) or the mini RNeasy kit (Qiagen) according to manufacturer's instructions. Reverse transcription was performed with 1 μg RNA using reverse transcriptase (Promega) and random hexamers. We performed qPCR on the Light Cycler 480II (Roche) with the Power PCR SYBR green PCR master mix (Takara). Typically, 2 μl of cDNA were used in a 10 μl reaction volume/well of a 96-well plate. Doublets were performed for each sample. The LC480 II Software detects this threshold cycle value (Ct value) for each sample. The higher the Ct value, the lower the original cDNA amount for a certain gene in the sample. In order to neutralize potential variations in total mRNA amounts used for the cDNA synthesis, the Ct values of the house-keeping gene Gapdh (glycerinaldehyd-3-phosphat-dehydrogenase). Gapdh is a well-suited house-keeping gene for normalization in our experiments since the Gapdh mRNA abundance was not altered by seizure induction (data not shown and see Additional file 1: Table S1 ) in line with a previous report [52] . Normalization was performed according to the following equation: relative mRNA expression = 2 -ΔCt (ΔCt = Cttarget gene -CtGapdh) . Primer sequences are provided upon request.
For transcriptomics, a total of 18 samples (het ctr.: N = 3; het + SE: N = 3; mut ctr: N = 3; mut -SE: N = 3; mut + SE: N = 2; het -SRS: N = 1; het + SRS: N = 1; mut -SRS: N = 1; mut + SRS: N = 1) derived from 18 mice were subjected to microarray analysis. 100 ng total RNA was used as starting material and 5.5 μg ssDNA per hybridization (GeneChip Fluidics Station 450; Affymetrix, Santa Clara, CA). The total RNAs were amplified and labeled following the Whole Transcript (WT) Sense Target Labeling Assay (http:// www.affymetrix.com). Labeled ssDNA was hybridized to Mouse Gene 1.0 ST Affymetrix GeneChip arrays (Affymetrix, Santa Clara, CA). The chips were scanned with an Affymetrix GeneChip Scanner 3000 and subsequent images analyzed using Affymetrix® Expression Console™ Software (Affymetrix). Raw feature data were normalized and intensity expression summary values for each probe set were calculated using robust multiarray average [53] . Microarrays were analyzed with microarray Я US and Limma 2way Anova with p-Value and FDR cutoffs at 0.001 and 2 fold change cut-off. All microarray data were deposited at the Gene Expression Omnibus (GEO) repository (GSE100202).
Chromatin immunoprecipitation (ChIP)
Anti-SRF directed ChIP was performed as described in [54] .
Histology
We fixed mouse brains in 4% formaldehyde (FA) followed by preparation of 5 μm paraffin microtome slices. Immunohistochemistry was performed using Biotin conjugated secondary antibodies (1:500; Vectorlabs, Lörrach, Germany) and peroxidase based detection systems using the ABC complex (Vectorlabs) and DAB as substrate. Alternatively, Alexa488 or 546 (1:500; Life Technologies, Darmstadt, Germany) conjugated secondary antibodies were used. Primary antibodies included anti-SRF (rabbit, 1:2500; Santa Cruz, Heidelberg, Germany), anti-IBA (rabbit, 1:1000; Wako Chemicals, Neuss, Germany), anti-Egr1 (rabbit 1:500; Santa Cruz), Fos (rabbit, 1:500; Santa Cruz), anti-NeuN (1:1000; Millipore, Billerica, USA), anti-ZnT3 (1:2500; Synaptic Systems, Göttingen, Germany), anti-P-ERK (1:1000; Cell Signaling, Cambridge, UK) and anti-P-MEK (1:1000; Cell Signaling).
Fluoro-Jade B (FJB) staining
Mouse brains were fixed in 4% FA, embedded in paraffin and cut in 5 μm slides. Sections were stained as previously reported [55] . In brief, slides were treated for 10 min with Xylene followed by 3 min 100% Ethanol, 1 min of 70% Ethanol, 30% Ethanol and H 2 O. Background was reduced by treatment with 0.06% KMnO4 in H 2 O for 15 min and subsequently washed for 1 min in H 2 O. FJB staining was performed for 30 min with 0.001% FJB (Millipore, Billerica, USA), 0.001% acetic acid, 0.0002% DAPI. Stained slides were washed 3 times for 1 min in H 2 O, dried and mounted in Entellan.
Biochemistry
Protein lysates were prepared with the ISOLATE II RNA/DNA/protein kit (Bioline) according to manufactures instructions. 1× PhosStop (Roche) was added to the protein lysates. Samples were resolved on 8-10% SDS-PAGE, followed by transfer on PVDF membranes (Amersham). After 1 h of blocking, first antibodies were applied overnight at 4°C: rabbit anti-P-ERK (1:1000, Cell Signaling), rabbit anti-ERK (1:1000; Cell Signalling), rabbit anti-Elk-1 (1:1000; Cell Signalling) and rabbit anti-P-CREB (1:1000; Cell Signalling). Detection of first antibodies involved horseradish-peroxidase conjugated secondary antibodies (1:2000; Santa Cruz) and the ECL Western Blotting Substrate (Pierce or Millipore).
Cell culture
P3-5 mouse cerebellar neurons were plated on poly-Llysine (PLL; 100 μg/ml) and laminin (5 μg/ml) coated wells of a 6-well plate. Electroporation with SRF-VP16 expressing constructs was performed with 3 μg DNA and 100 μl electroporation solution (Mirus) as before [34] .
In silico analysis of potential SRF binding sites, Venn analysis and STRING networks Overrepresentation analysis of transcription factor binding sites (TFBS) was performed using Pscan Ver. 1.3 [56] using all at least four-fold upregulated genes after SE or 1 h after SRS respectively. For Venn diagrams Venny 2.1, an interactive tool for comparing lists with Venn diagrams was applied (http://bioinfogp.cnb.csic.es/tools/venny/index.html). For STRING analysis the following software package was used [57] .
Statistical analysis and quantification
Numbers (N) of independent cell cultures or animals were indicated in figure bars or text. For statistical analysis of data GraphPad Prism software (GraphPad Software, Inc.) was used. Unpaired t test or Mann-Whitney test (nonparametric) was used for comparing two groups, whereas two-way analysis of variance (ANOVA) with post hoc Bonferroni's multiple comparisons test was used for comparison of multiple groups. Statistical significance is provided as *, **, *** indicating p ≤ 0.05, 0.01 and 0.001, respectively. Standard deviation (s.d.) is provided if not mentioned otherwise.
Results
Characterization of Srf mutant animals
In this study we employed forebrain specific deletion of SRF in glutamatergic neurons via a tamoxifen inducible Cre recombinase driven by Camk2a promoter [40] . At the age of seven to 8 weeks, mice were injected five times with tamoxifen and analyzed 2 weeks thereafter (Fig. 1a) . After tamoxifen induced Cre activity, mice harboring two floxed Srf alleles were designated as Srf mutants (Srf loxp/loxp; CaMKCreERT2 or Srf mut). As control mice, heterozygous (het) littermates with one Srf allele and harboring at least one Cre allele were used (Srf loxp/+; CaMKCreERT2
). We compared Srf +/+; CaMKCreERT2
and Srf loxp/+; CaMKCreERT2 mice to see whether loss of one Srf allele in heterozygous mice already has an impact on seizure occurrence and gene expression. In heterozygous mice, the SRF protein levels were slightly reduced compared to Srf +/+; CaMKCreERT2 mice [58] . Upon pilocarpine injection, no differences between both genotypes were observed in the Racine scale scoring and all mice acquired SE status at almost identical times (N = 5; data not shown). Similarly, in a previous report, we did not observe differences between wildtype and heterozygous mice. Here, hyperactivity and anxiety-related phenotype as well as impaired gene expression was only observed in Srf mutant but not in heterozygous mice [58] . This suggests that heterozygous mice behave comparably to mice harboring two wildtype (wt) alleles and can be used as controls.
Tamoxifen mediated Cre recombinase activity resulted in robust Srf mRNA (Fig. 1b) and SRF protein (Fig. 1c ) ablation in Srf mutant mice compared to heterozygous littermates in the hippocampus (Fig. 1b, c) . In addition, SRF is depleted from the cortex and striatum [40] . In control mice experiencing an SE for 40 min, Srf mRNA levels were elevated (Fig. 1b) . In contrast, no obvious effect on SRF protein abundance was observed at this early time-point (Fig. 1c) . The latter might be explained by the short SE duration of 40 min that did not allow for maximal SRF protein upregulation yet. Indeed, at later time-points, i.e. 24 h after an SE enhanced SRF promoter occupancy was reported [29] .
SRF ablation reduces SE occurrence upon pilocarpine injection
In a previous report, consequences of SRF ablation upon intra-hippocampal kainic acid injection were analyzed. Here, Srf mutants showed elevated SRS frequency [22] . However, acquisition of an initial kainic acid induced SE phase is comparable in Srf mutant and heterozygous Mice were injected five times with tamoxifen, followed by 14 days allowing for SRF downregulation. Subsequently, pilocarpine was injected and mice were analyzed. b, c Hippocampal samples were analyzed for Srf mRNA (b) or SRF protein (c) abundance. In heterozygous mice being 40 min in SE, Srf mRNA (b) but not SRF protein (c) was elevated by pilocarpine injection at this early time-point. Srf mRNA (b) or protein (c) was clearly reduced in Srf mutant mice. d Mice were injected with 335 or 350 mg/kg pilocarpine and seizure intensity was scored every 15 min by the Racine scale in the first 2 h. All heterozygous control mice entered SE status after approximately 45 min for both pilocarpine concentrations. In contrast, in mutant mice the seizure score was significantly reduced for both pilocarpine concentrations and no animal reached SE after 45 min with a dose of 335 mg/kg pilocarpine. Data are represented as mean ± SEM. e The latency until the first seizure was almost doubled in Srf mutant compared to heterozygous mice for both pilocarpine concentrations. f Representative raw (left) and normalized (right) EEG recordings of one heterozygous and one Srf mutant animal depicting start of pilocarpine injection, SE start and diazepam injection after 40 min of SE. g In SRF deficient mice, it takes longer until SE is achieved after pilocarpine injection. h To quantify SE severity, the area under the different band power curves was determined from SE initiation until diazepam injection. The values were normalized to the area under the band power curve obtained from baseline EEG recordings of identical duration obtained 24 h before SE. In control animals all frequency bands during SE were elevated compared to Srf mutant mice, however not in a statistically significant manner. i 24 h after diazepam injection heterozygous and SRF deficient mice had comparable EEG activities. Data are represented as mean ± SD. Number of animals are indicated or individual animals are labeled with grey circles mice, suggesting that SRF is not required for SE occurrence [22] . In accordance, intra-peritoneal kainic acid injection performed in this study also did not affect SE occurrence (Additional file 2: Figure S1 ).
Since data reported so far in kainic acid model did not show a requirement of SRF for SE development, we turned to the pilocarpine model and investigated whether SRF ablation interfered with SE occurrence in this epilepsy model (Fig. 1 ). For this, mice were intra-peritoneally injected with an established pilocarpine concentration of 335 mg/kg bodyweight (Fig. 1d, e) . Subsequently, seizures were scored according to the modified Racine scale for four hours. All control mice reached SE within 45 min after pilocarpine injection (N = 14 out of 14 mice; Fig. 1d ). After 40 min in SE, mice were injected with diazepam to reduce seizure intensity. In contrast to heterozygous control mice, none of the 15 SRF deficient mice reached the SE stage after 45 min (Fig. 1d) . Even 2 h after pilocarpine injection, none of the mutant mice reached SE (data not shown). Next we increased the pilocarpine doses to 350 mg/kg which induced SE in all control mice (N = 32 out of 32 mice; Fig. 1d ). In contrast, only one third of SRF deficient mice reached SE after 60 min (N = 15 out of 49 mice; Fig. 1d ). Of note, although Srf mutant mice had decreased SE occurrence, mice responded to pilocarpine with shaking and head nodding resulting in lower Racine scores of around two to three (Fig. 1d) . We next measured the latency to the first seizure response (Fig. 1e ). Srf mutant mice showed an approximately two-fold increased latency until a first seizure response of at least stage 4 was observed (Fig. 1e) .
In addition to scoring seizures visually by the Racine scale (Fig. 1d, e) , a permanent telemetric EEG/video monitoring procedure was applied ( Fig. 1f-i ). The EEG electrodes were implanted 9 days before SE induction to allow for a recovery from surgery and a prolonged period of baseline EEG recordings. No obvious differences in baseline activity during EEG recordings without pilocarpine injection were observed between control and Srf mutant mice (data not shown). Also, in EEGs we did not observe spontaneous seizure occurrence in Srf mutant mice without pilocarpine administration (data not shown).
In EEG experiments, all heterozygous control animals (N = 8) experienced an SE period starting approximately 30-45 min after pilocarpine injection (Fig. 1f ) . In Srf mutant animals, the combination of electrode implantation and pilocarpine injection increased lethality. Thus, in EEG experiments only six out of 13 Srf mutant animals reached an SE stage. The other seven animals died (N = 4) or did not reach SE status (N = 3). This corroborated results obtained with Racine scale scoring (see above; Fig. 1d , e). In those Srf mutant mice reaching SE, the time until reaching SE was increased compared to control mice ( Fig. 1f ; quantified in g). These results suggest decreased seizure occurrence upon SRF ablation. Next, we quantified seizure intensity by calculating the area under the band power curves for each frequency band. During the SE period, all frequency bands showed strongly elevated levels relative to the baseline values obtained before pilocarpine administration. After 40 min in SE, this period was terminated with diazepam, resulting in substantially decreased activity (Fig. 1f ) . EEG activity in all band frequencies was elevated in heterozygous compared to Srf mutant animals, however no statistically significant difference in any single band was observed between experimental groups (Fig. 1h) . This lack of statistical significance might indicate an overall comparable SE intensity between control and SRF deleted animals. However, despite this lack of statistical significance, the relative band power increase was reduced by approximately 50% in all bands in SRF deficient mice compared to control mice (Fig. 1h) . Thus, we cannot completely rule out a decreased EEG intensity during the SE period upon SRF ablation and this has to be taken into account for data interpretation.
One day after reducing SE intensity by diapezam injection, EEG activity was indistinguishable for most bands between heterozygous and Srf mutant animals (Fig. 1i) .
Overall, this is a first result reporting an interference of SRF ablation with SE acquisition.
Pilocarpine mediated gene expression is impaired upon SRF ablation
Seizures induce neuronal gene expression encompassing rapid upregulation of IEGs such as Fos and Egr family members [22] . Gain-and loss-of function studies with several stimuli have shown a role of SRF in IEG induction before [21] . Next, we addressed whether pilocarpine induced gene expression also requires SRF (Fig. 2) .
For this, we employed genome-wide transcriptomic analysis in the hippocampus with five experimental groups ( Fig. 2 and Additional file 1: Table S1 ). This included heterozygous and Srf mutant mice without pilocarpine administration (−pilo, −SE; N = 3 animals each). Furthermore, we used pilocarpine injected Srf mutant mice with grade 4 seizures but not reaching SE (+ pilo, −SE; N = 3). Since the absence of an SE might affect the strength of the gene response in Srf mutant mice, we included also Srf mutant mice reaching SE status for 40 min (+ pilo, + SE; N = 2). Finally, we employed heterozygous mice with a pilocarpine induced SE lasting 40 min (+ pilo, + SE; N = 3).
In control mice experiencing an SE, 50 genes were induced more than four-fold (depicted in the heatmap in Fig. 2b ) and 208 genes were upregulated twofold or more (Additional file 1: Table S1 ). In contrast to gene induction, there was less gene downregulation during SE. Here, only five genes were more than four-fold downregulated in heterozygous mice (Additional file 1: Table S1 ). Non-epileptic heterozygous and Srf mutant mice differed only in seven genes altered by a factor of 1.5 or more. These included actin encoding genes such as Actl8 and Actb (Additional file 1: Table S1 ).
In heterozygous control mice injected with pilocarpine, the top induced genes included several IEGs such a Microarray experiments were performed with hippocampal samples, harvested in heterozygous and Srf mutant mice 40 min after SE or without SE. b Heat-map of the 55 top-regulated genes with at least a four-fold induction when comparing heterozygous mice with and without SE. We used Srf mutant mice injected with pilocarpine ("+pilo"), either not reaching ("-SE") or reaching SE ("+SE") status. Here, pilocarpine induced gene regulation was clearly diminished as indicated by reduced ratio of fold induction between heterozygous SE and Srf mut SE. Those genes affected by SRF deficiency at least two-fold are highlighted in red. c All genes induced more than two-fold in the four data sets indicated were subjected to Venn diagram analysis. This identified a core gene set comprised of 28 genes (labeled in red) upregulated in mice with either a pilocarpine or kainic acid induced SE. d STRING analysis of the 55 top-regulated genes in heterozygous mice with SE (see b) and Srf. Many genes have reported interactions with each other and Egr1 and Fos emerged as nodes in this STRING network. Genes depicted in light red were regulated in an SRF dependent manner. e Overrepresentation analysis of transcription factor binding sites was performed with the 55 top-regulated genes (see b). Amongst the ten most strongly predicted TFs, CREB1, SRF and its downstream effector Egr1 were found as Fos, Fosb, Cyr61, Egr2 and Egr4. In addition, other genes such as Npas4, Gadd45g and e.g. Atf3 with IEG like properties were also strongly induced by pilocarpine in control mice (Fig. 2b) . In addition, several Dusp family members (Dusp1, Dusp5 and Dusp6), inhibitors of MAP kinase signaling were also induced in heterozygous mice after SE (Fig. 2b) . In general, the Gene Ontology (GO) term "MAP kinase signaling pathway" was significantly over-represented by 13 genes (Fos, Jun, Junb, Rasgrf1, Bdnf, Dusp1, Dusp4, Dusp5, Dusp6, Gadd45b, Gadd45g, Il1a, Nr4a1) in epileptic control mice (Additional file 1: Table S1 ). Many of these genes were affected by SRF ablation (Fig. 2b) suggesting an impact of SRF on MAP kinase signaling to be further analyzed in this study.
In the hippocampus of Srf mutant mice with seizure activity (stage 4 to 5), however without an SE period, pilocarpine failed to induce gene expression to the same extent. Now, essentially all 50 genes induced strongly in heterozygous mice (>4 fold) were only weakly or not at all induced in the absence of SRF (Fig. 2b) . Since stage 4 to 5 seizures might not result in the same extent of gene induction as an SE, we also analyzed Srf mutant mice experiencing 40 min of SE. As shown before (Fig. 1) , these Srf mutant mice show a comparable SE intensity compared to heterozygous mice. Here, gene expression induced by pilocarpine was at least two-fold reduced in 49 out of 50 top-regulated genes when compared to epileptic control mice (Fig. 2b) . This supports a role of SRF in pilocarpine induced gene expression.
A recent study showed SRF dependent gene expression in the kainic acid model after a 6 h timepoint in the hippocampal dentate gyrus [22] . We used Venn diagrams to decipher shared genes induced in both, the pilocarpine (Fig. 2b ) and kainic acid [22] epilepsy model (Fig. 2c) . Interestingly, in control mice, pilocarpine and kainic acid shared a gene set composed of 28 genes including several IEGs such as Fos, Fosb, Cyr61 and Egr family members (labeled in red in Fig. 2c ). These 28 genes account for approximately 20-25% of the total top-upregulated genes in either epilepsy model.
For the pilocarpine induced gene network of heterozygous control mice we performed STRING analysis including the 50 top-regulated genes with ≥4-fold induction and Srf itself (Fig. 2d ). Approximately half of these genes were connected with each other at least by one interaction. Within this gene network, the SRF target genes Fos and Egr1 emerged as hubs connected to many upregulated genes.
Data obtained so far point at a role of SRF in pilocarpine mediated gene induction. This was supported by promoter analysis of all genes with at least four-fold induction (Fig. 2e) . Here, SRF and Egr1 were identified amongst the ten transcription factors predicted to have highest numbers of binding motifs in these pilocarpineinduced genes (Fig. 2e) . CREB1 was the top-ranked transcription factor identified by this algorithm (Fig. 2e) . So far, CREB is considered a prototype TF to regulate neuronal activity mediated gene expression [19] . Nevertheless, data by Kuzniewska [22] together with ours (Fig. 2b) suggest no major functional compensation of seizure-induced gene expression by CREB upon SRF ablation.
Finally, we corroborated SRF dependent target gene regulation by qPCR with independent cDNA samples (Fig. 3) . (Fig. 3a-h ). In addition, we identified potentially new SRF target genes during pilocarpine-induced seizures such as the neuronal activity regulated transcription factor Npas4 [59] and the regeneration associated gene (RAG) Atf3 (Fig. 3a, f ) . Besides transcript level (Figs. 2 and 3) , we confirmed microarray and qPCR data on protein level (Fig. 3i-p) . For this, hippocampal sections of heterozygous and SRF deficient mice without an SE or with 40 min in SE were stained with Fos ( Fig. 3i-l) or Egr1 (Fig. 3m-p) directed antibodies. In the absence of epileptic activity, Fos (Fig. 3i, k) and Egr1 (Fig. 3m, o) were barely detectable in heterozygous (Fig. 3i, m) or SRF deficient (Fig. 3k, o) tissue. After an SE, Fos and Egr1 were upregulated in control mice (Fig. 3j, n) but not as pronounced in SRF deficient animals (Fig. 3l, p) .
In summary, gene expression evoked by pilocarpineinduced seizures required SRF.
SRF ablation enhances spontaneous recurrent seizure (SRS) frequency
So far, we analyzed the influence of SRF deficiency on the initial SE phase in the pilocarpine model ( Figs. 1 and 2 ). Since this initial SE period triggers spontaneous seizures (SRS) in subsequent weeks, we analyzed SRF's role in SRS occurrence (Fig. 4) .
After pilocarpine injection we analyzed SRS occurrence in the home cages of heterozygous (N = 17) and Srf mutant mice (N = 10) by daily observation for 1 h over 4 weeks (Fig. 4b-d) . To ensure that mice were in a comparable phase of their circadian rhythm, the daily 1 h observation period was always between 12.00 and 13.00. In the first week after SE, SRS number was low, regardless of genotype. After 7 days, SRS frequency in heterozygous control mice increased and remained constant thereafter for the 25d observation period (Fig. 4b) . In Srf mutant mice, SRS number was more than doubled compared to heterozygous control mice (Fig. 4b) . Thus, between two to 4 weeks after SE, each Srf mutant mouse analyzed experienced one SRS in the 1 h observation period (Fig. 4b) . The total SRS number summed up over the 27 days observation period was two-fold elevated in Srf mutant compared to heterozygous mice (Fig. 4c) . We noted that many Srf mutant mice not only experienced one SRS during the 1 h inspection, but rather two or more SRS were observed. Indeed, the number of SRF deficient mice experiencing either two (2 SRS/1 h) and three or more (≥3 SRS/1 h) SRS was significantly increased compared to heterozygous mice (Fig. 4d) .
Besides visual inspection of home cages (Fig. 4b-d) , SRS occurrence was quantified by combined EEG/video recording ( Fig. 4e-h ). Similar to visual quantification of SRS frequency, 24 h EEG recording over 27 days demonstrated significantly more SRS numbers upon SRF depletion (Fig. 4e) . In contrast to SRS numbers, the EEG intensity during single SRS periods was unchanged between heterozygous and Srf mutant mice (Fig. 4f ) as was the frequency of stage 4 or stage 5 SRS stages (Fig. 4g) . However, the average duration of individual stage 4 or stage 5 SRS was significantly expanded by 20-30 s upon SRF ablation (Fig. 4h) .
Previously we analyzed mice with SRF being deleted before pilocarpine mediated SE induction (Fig. 4a-h) . In order to corroborate SRF's function during SRS independent of the initial SE phase we reversed the order of tamoxifen and pilocarpine administration (Fig. 4i) . Now, mice carrying one or two floxed Srf alleles were injected with pilocarpine first to elicit SE activity regardless of Fig. 3 Validation of SRF mediated gene regulation during SE. a-h qPCR validation of SE microarray results with cDNAs derived from independent hippocampal samples. Pilocarpine injected (+pilo) Srf mutant animals either reached SE (+SE) or not (−SE). In heterozygous mice with SE, all IEGs, Fos (b), Fosb (c), Cyr61 (d), Egr2 (e), Arc (g) and Egr1 (h) were upregulated during a 40 min SE, whereas this was significantly reduced in SRF deficient mice with SE. The same holds true for two other genes, Npas4 (a) and Atf3 (f). Data are represented as mean ± SD. Individual animals are labeled with grey circles. i-p Hippocampal sections were labeled with Fos (i-l) or Egr1 (m-p) directed antibodies. In the absence of an SE, neither Fos (i, k) nor Egr1 (m, o) were present in heterozygous (i, m) or Srf mutant (k, o) hippocampal tissues. In control animals with an SE, Fos (j) and Egr1 (n) were upregulated in the CA3 region (see arrows in j, n) and dentate gyrus (DG) on the protein level, whereas this was less pronounced in SRF deficient animals (l, p). Scale-bar (i-p) = 100 μm Fig. 4 Spontaneous seizure frequency is elevated in SRF deficient mice. a Mice were tamoxifen injected and 14 days later SE was induced with pilocarpine. Subsequently, SRS occurrence was quantified by visual inspection of cages for 1 h/day (b-d) over 27 days. b Compared to heterozygous mice (black line), SRF deficient mice (red line) had significantly more SRS at several days throughout the 27 days observation period. c The total SRS number was doubled in Srf mutant compared to heterozygous mice over the 27 days. d In the daily 1 h observation period, there were significantly more SRF deficient mice with two (2 SRS/1 h) or three and more (≥3 SRS/1 h) SRS compared to heterozygous mice. e Similar to visual inspection (b), EEG recordings over 24 h/day for 27 days showed increased SRS numbers in SRF deficient mice. f Typical EEG traces of a stage 4 and 5 SRS in a control and Srf mutant animal. No obvious changes in SRS intensity were observed. g Heterozygous and Srf mutant animals had a comparable frequency of stage 4 and stage 5 SRS. h Upon SRF ablation, single SRS duration was significantly longer than in control animals. i In experiments to panels (J-L), the order of tamoxifen and pilocarpine injection was reversed compared to (b-h). After pilocarpine injection, SRS occurrence was observed for 1 h/day for 27 days. j SRF deficient mice had significantly more SRS at several days in the observation period. k The total SRS number/27 days was three-to four-fold elevated upon SRF ablation. l SRF deficiency resulted in more mice experiencing two or three and more SRS within the 1 h observation period. Data are represented as mean ± SD. Number of animals are indicated or individual animals are labeled with grey circles genotype. Subsequently, tamoxifen was injected to induce Cre-ERT2 mediated Srf recombination and mice were observed for SRS occurrence daily for 1 h over 4 weeks (Fig. 4j ). As observed above (Fig. 4b, e) , SRF deficient mice showed significantly elevated SRS numbers during many days, particularly between 2 and 4 weeks of observation (Fig. 4j) . The average SRS number in the total observation period (27d) was more than three-fold elevated in mutant compared to control mice (Fig. 4k) . Furthermore, the number of Srf mutant mice with two SRS/1 h was significantly increased compared to heterozygous mice (Fig. 4l) .
Taken together, we show elevated SRS numbers upon SRF ablation in the pilocarpine model.
SRF is required for SRS induced gene expression
Gene expression responses during the SE period require SRF [22] . Besides the SE stage, alterations for specific genes such as Fos were reported during an SRS in the chronic epilepsy phase [60] . However, to the best of our knowledge, so far no genome-wide mRNA expression profiling is available investigating gene expression changes immediately after an SRS in any mouse epilepsy model.
In this study, we provide such a first SRS dependent transcriptome analyses (Fig. 5 ). For this, heterozygous and Srf mutant mice with an SE were observed daily for 4-6 h over 28 days. To obtain SRS specific samples, mice had to be SRS free for at least 3 h, followed by experiencing a single SRS phase lasting 30-60 s. One hour after the SRS, hippocampi were subjected to microarray profiling ("+SRS", 1 h after SRS; Fig. 5a ). As control, hippocampi of animals with an SE were included which regularly experienced SRS, however not within 3 h before tissue preparation ("-SRS", no SRS for 3 h; Fig. 5a ). In the days before harvesting hippocampal tissue for microarray analysis (see scheme in Fig. 5a ), the four mice used experienced the following total SRS numbers: het/−SRS (2 SRS), het/+SRS (5 SRS), Srf mut/−SRS (10 SRS), Srf mut/+SRS (11 SRS).
In heterozygous mice, 105 and 13 genes were ≥ twofold up-or downregulated, respectively. Thus, eight-fold more genes were induced by an SRS than downmodulated. In hippocampi of control mice, an SRS induced several IEGs such as Egr2, Fosb, Fos and e.g. Arc (Fig. 5b) . Besides these, several other genes such as Dusp (Dusp6, Dusp4 and Dusp1) and nuclear receptor family members (Nr4a1, Nr4a3, Nr4a2), Npas4 and Atf3 were upregulated by an SRS (Fig. 5b) . Of note, mRNA induction was in general weaker in SRS compared to SE samples (compare Figs. 2b and 5b) . Next, we inspected the requirement of SRF for SRS mediated gene induction. In Srf mutant mice with an SRS, approximately 25% of the top 50 induced genes (13/55) were at least two-fold reduced compared to heterozygous mice (labeled in red in Fig. 5b ).
Thus, in contrast to SE with almost 100% of genes being regulated in an SRF-dependent manner (see Fig. 2b ), SRS induced gene expression requires SRF to some extent but also other gene regulators.
Finally, microarray data were confirmed by qPCR analysis of independent cDNA samples (Fig. 6) . Here, we included hippocampi of heterozygous and Srf mutant animals with an SRS 1 h before (+SRS) or no SRS (−SRS) within 3 h (see above). In order to provide sufficient replicates for statistical testing, at least four animals were analyzed for each experimental condition (N = 4; Fig. 6 ). Additionally, we included heterozygous and mutant animals with no SE to compare mRNA abundance between animals not in a chronic epilepsy phase (no pilo.) and in a chronic epilepsy phase. No major differences were observed between "-SRS" and "no pilo." samples, suggesting that epileptic control animals with no acute SRS do not induce IEGs (Fig. 5b) . All IEGs, Fos (Fig. 6a) , Egr2 (Fig. 6b) , Arc (Fig. 6e) , Egr1 (Fig. 6f ) and Cyr61 (Fig. 6g) were upregulated by an SRS in heterozygous mice. This induction was significantly reduced upon SRF ablation as seen in microarray data, except for Npas4 and Cyr61 (Fig. 5b) . In addition, Atf3 (Fig. 6d) and Btg2 (B cell translocation gene 2; Fig. 6h ) induction was SRF dependent. In contrast, Npas4 was elevated by SRS, however not depending on SRF (Fig. 6c ).
SRS data on transcript level (Figs. 5 and 6a-h) were confirmed on protein level by Fos and Egr1 directed histology on hippocampal sections (Fig. 6i-p) . In heterozygous mice an SRS resulted in Fos and Egr1 induction primarily in the hippocampal dentate gyrus (Fig. 6j, n) . This induction was reduced in SRF deficient animals with an SRS (Fig. 6l, p) .
In summary, we provide a first analysis of early changes in the SRS transcriptome and show a contribution of SRF in stimulating this gene response.
SRF mediates seizure-induced neuron loss and mossy fiber sprouting
In human TLE, seizures evoke neuron loss and hippocampal moss fiber sprouting, however the cause/effect relationship between seizures and anatomical alterations is not completely resolved ( [9, 10] ; see discussion). The pilocarpine model recapitulates such seizure-associated processes [12] . So far, the contribution of transcription factors to these processes has not been analyzed in great detail in any mouse epilepsy model. Since mossy fiber sprouting requires cytoskeletal dynamics and SRF particularly impinges on actin-based cytoskeletal alterations, SRF's contribution to these processes was analyzed next (Fig. 7) .
For this, heterozygous animals acquired a pilocarpineinduced SE period. In addition, we included Srf mutant animals which experienced an SE comparable to heterozygous mice (N ≥ 9, each condition). Four weeks later, histological analysis with the neurodegeneration marker Fluoro-Jade B (FJB), the pan-neuron marker NeuN, the mossy fiber marker ZnT3 and anti IBA1 directed antibodies to label microglia were performed in the hippocampus (Fig. 7a) .
In non-epileptic heterozygous or Srf mutant animals, expectedly no FJB signals were visible (Fig. 7b, c) . Four weeks after pilocarpine injection, FJB signals in the hippocampus of control animals, indicative of neurodegeneration, were readily visible ( Fig. 7d; quantified in R) . In contrast to this, Srf mutant mice with SE and (See figure on previous page.) Fig. 5 Spontaneous seizures elicit a gene response in an SRF dependent manner. a After pilocarpine injection, mice were observed for 4 to 6 h per day to collect samples for microarray analysis. Red triangles indicate days at which samples were collected. For SRS samples (+SRS), mice had to be free of an SRS for 3 h, followed by an SRS and hippocampus dissection 1 h later. For control samples, mice were in a chronic epileptic phase, however were free of an SRS for 3 h (−SRS). b Heat-map of all genes upregulated in SRS positive heterozygous mice with ≥2.5 fold induction. Genes depicted in red were affected by SRF deficiency with at least a two-fold change in the fold-induction ratio between control and mutant Fig. 6 Validation of SRF mediated gene regulation during SRS. a-h qPCR validation of SRS microarray results with cDNAs derived from independent hippocampal samples. Experiments included animals with an SRS (+SRS) and, as control, we included mice with no pilocarpine injection (no pilo.) and epileptic mice not experiencing an SRS within the last 3 h (−SRS). The last two samples showed almost identical mRNA levels for all genes tested. In contrast, 1 h after an SRS, Fos (a), Egr2 (b), Atf3 (d), Arc (e), Egr1 (f), Cyr61 (g) and Btg2 (h) were induced in heterozygous mice. This induction required SRF activity as shown by reduced mRNA levels in Srf mutant animals. In contrast, Npas4 (c) was induced by an SRS, however not in an SRF dependent manner. Data are represented as mean ± SD. Individual animals are labeled with grey circles. For clarity, statistical significance is only depicted for conditions -SRS and +SRS of heterozygous and Srf mut mice. i-p Hippocampal sections of control mice and mice with an SRS were labeled with Fos (i-l) or Egr1 (m-p) directed antibodies. In the absence of an SRS, only weak Fos (i, k) or Egr1 (m, o) expression was present in heterozygous (i, m) or Srf mutant (k, o) hippocampi. In heterozygous animals with an SRS, Fos (j) and Egr1 (n) were upregulated in the hippocampal dentate gyrus, whereas this was decreased in SRF deficient animals (l, p). Scale-bar (i-p) = 100 μm Fig. 7 SRF ablation modulates epilepsy associated neuron loss, mossy fiber sprouting and inflammation. a Four weeks after induction of an pilocarpine-mediated SE, hippocampi of heterozygous and SRF deficient animals were analyzed histologically with several markers as described below. b-e Fluoro-Jade B (FJB) labels degenerating neurons. Expectedly, no FJB signals were detectable in non-epileptic heterozygous (b) or mutant (c) hippocampi. Four weeks after an SE, FJB signals were increased in heterozygous (d) but not SRF deficient (e) animals. f-i NeuN labels all neuronal nuclei. In epileptic control animals, neuron loss was observed in the CA3 region (arrows in h). This was diminished in mutant animals with an SE (i). j-m ZnT3 labels hippocampal mossy fibers. No mossy fiber sprouting by granule cells was observed in the molecular layer of the dentate gyrus of non-epileptic heterozygous (j) or mutant (k) animals. In contrast, mossy fiber axon sprouting was observed in heterozygous animals with an SE (arrows in l) but not as pronounced in Srf mutant animals (m). n-q Microglia were labeled by anti-IBA1 directed antibodies. Only in epileptic control animals (p), a strong presence of microglia was observed. Of note, the area occupied by microglia was identical to the region of strongest neuronal demise (compare p with d). r-u Quantification of FJB (r), NeuN (s), ZnT3 (t) and IBA1 (u) signals in the hippocampus. Data are represented as mean ± SD. Individual animals are labeled with grey circles. Scale-bar (b-i; n-q) = 200 μm; (j-m) = 75 μm subsequent chronic seizure phase showed strongly reduced FJB signals ( Fig. 7e; R) . In agreement, quantification of NeuN positive neurons confirmed SE-mediated neuron loss in epileptic heterozygous animals, particularly in the CA3 region (arrows Fig. 7h; quantified in S) . Once again, in epileptic Srf mutant animals CA3 neuron loss was diminished ( Fig. 7i; quantified in S) .
In the absence of seizures, the mossy fiber projection labeled with ZnT3 of heterozygous and SRF deficient animals was identical (Fig. 7j, k) . In epileptic heterozygous mice, mossy fiber sprouting was strongly induced (arrows Fig. 7l ; quantified in T). Upon SRF ablation, epileptic mice failed to induce mossy fiber sprouting to the same extent as seen in control mice ( Fig. 7m; T) . Thus, in Srf mutant mice decreased mossy fiber sprouting correlated with enhanced spontaneous seizure frequency.
Epilepsy is associated with an inflammatory response of brain resident immune cells such as astrocytes and microglia [61] . We investigated seizure-mediated inflammation by analyzing IBA1 positive microglia ( Fig. 7n-q ; U) and GFAP positive astrocytes (data not shown). Epileptic seizures enhanced microglia numbers in heterozygous control animals (Fig. 7p) but less in SRF deficient animals (Fig. 7q) . The area occupied by microglia in the CA3 region was identical to the strongest neuron loss identified by NeuN (compare Fig. 7p with H) . Similar data were obtained for astrocytes, although statistical significance was not reached (data not shown).
Finally, we analyzed an interaction of epilepsy with neurogenesis, an important factor modulating brain plasticity and cognitive comorbidities in TLE patients [62] . For this, hippocampal sections of heterozygous and SRF deficient animals were labeled with doublecortin (DCX), a marker of newly generated neurons in the dentate gyrus (Additional file 2: Figure S2 ). DCX positive neurons were elevated in non-epileptic SRF deficient animals compared to control mice suggesting enhanced neurogenesis upon SRF ablation (Additional file 2: Figure S2 ). Since ablation of DCX positive neurons reduces SRS frequency [63] , elevated numbers of DCX positive neurons might contribute to an increased SRS frequency, as observed upon SRF ablation.
In summary, SRF depletion reduced neurodegeneration, mossy fiber sprouting and inflammation.
SRF directly regulates Dusp family members during epilepsy
In microarrays we observed induction of several Dusp family members (i.e. Dusp1, Dusp5 and Dusp6) after pilocarpine injection (Fig. 2) . DUSP induction during epilepsy has been previously reported in patients [7, 64] as well as rodent models [22, 41, 42, 65, 66] . So far, no transcription factor has been identified regulating expression of these MAP kinase antagonists in neurons.
We employed gain-and loss-of-function experiments as well as chromatin immunoprecipitation (ChIP) to demonstrate direct Dusp regulation by SRF (Fig. 8) .
In the hippocampus of heterozygous and mutant mice with an SE, mRNA abundance of all three Dusp members, Dusp1 (Fig. 8a), Dusp5 (Fig. 8b) and Dusp6 (Fig. 8c) was strongly induced by a 40 min SE period. Pilocarpine mediated induction of Dusp5 and Dusp6 required SRF, as revealed by reduced mRNA levels in SRF deficient mice (Fig. 8b, c) . In opposite to this, Dusp1 induction was SRF independent (Fig. 8a) , in contrast to microarray data (Fig. 2) .
We further analyzed Dusp5 and Dusp6 further in SRF gain-of-function experiments using a constitutively active SRF protein (SRF-VP16) expressed in primary neurons.
Complementary to reduced Dusp expression in SRF lossof-function (Fig. 8a-c) , SRF-VP16 upregulated Dusp5 and Dusp6 mRNA levels without further exogenous stimulation of neurons (Fig. 8d) .
Finally, we report direct SRF occupancy at SRF binding sites (CArG boxes) of Dusp5 and Dusp6 promoter regions in the hippocampus of non-epileptic and epileptic mice (Fig. 8e) . In SRF directed ChIPs, SRF was bound at the Fos as well as Dusp5 and Dusp6 promoter with comparable intensity (Fig. 8e) . Induction of an SE resulted in a slight decrease in promoter binding for all three genes, however not in a significant manner. Control experiments with unspecific antibodies (IgG) and gene regions without SRF binding site (Egr1 off target) did not result in robust qPCR signals (Fig. 8e) .
Overall these experiments support direct Dusp gene regulation and promoter binding of SRF.
MAP kinase signaling is enhanced upon SRF ablation
MAP kinase signaling is an important signaling pathway in epilepsy (see introduction). Since we observed regulation of Dusp phosphatases by SRF (Fig. 8) , we analyzed MAP kinase activation in heterozygous and mutant epileptic mice (Fig. 9 ). For this, activation of ERK (i.e. phosphorylated ERK, P-ERK), the SRF cofactor ELK-1 (P-ELK-1) and of CREB (P-CREB) was investigated.
In mice without pilocarpine injection only weak P-ERK signals were observed in the hippocampus of both genotypes (Fig. 9a-f) . Heterozygous mice experiencing an SE for 40 min strongly elevated P-ERK abundance in the cortex and hippocampus (Fig. 9c, g ). In the hippocampus, these P-ERK signals were mainly observed in neurons residing in the hilus (arrowheads in Fig. 9g ) and the CA3 region (arrows in Fig. 9g) . Interestingly, when inspecting SRF deficient mice, we noted hippocampal sub-regions with elevated and decreased P-ERK signals compared to control mice (Fig. 9d, h ). In the hilus, P-ERK abundance was significantly decreased compared to control mice (arrowheads Fig. 9h; quantified in N) . In contrast, in the CA3 region we observed elevated P-ERK signals upon SRF ablation co-localizing with mossy fiber axons (arrows in Fig. 9h ; quantified in M). This suggests a hippocampal region or neuron-specific modulation of MAP kinase signaling by SRF. The upstream activator of ERK, MEK, was likewise activated by epilepsy (Fig. 9k, l) . However, we did not observe alterations in P-MEK activation between genotypes ( Fig. 9k, l; quantified in O) .
We further analyzed MAP kinase signaling by focusing on the hippocampal DG region using immunoblotting (Fig. 9p ). As described above (Fig. 9a-h ), P-ERK levels were elevated in epileptic heterozygous mice but not as much in Srf mutant animals (Fig. 9p) . Since ERK phosphorylates and thereby activates ELK-1 and CREB in the nucleus, abundance of P-ELK-1 and P-CREB was analyzed. Both gene regulators were more strongly phosphorylated in pilocarpine treated mice of either genotype (Fig. 9p) . However, similar to P-ERK, we observed enhanced P-ELK1 and P-CREB abundance in heterozygous compared to SRF depleted mice (Fig. 9p) . Total CREB levels were unaltered (data not shown).
In summary, we observed modulation of MAP kinase activation and associated downstream transcription factors in SRF deficient mice.
Discussion
SRF's function in epileptogenesis
So far, transcriptional regulation of SE acquisition is poorly understood. Herein, we uncovered a first SRF role in modulating SE acquisition using the pilocarpine model. Upon SRF ablation, mice showed reduced SE induction (Fig. 1) . This result was obtained mainly by Racine scale scoring which does not allow for more quantitative assessment of SE strength (Fig. 1d ). For this, we additionally employed EEG analysis (Fig. 1f-i) . In those SRF deficient mice reaching an SE, all band power curves during EEG analysis were reduced compared to heterozygous control animals (Fig. 1h) . However, none of the statistical testing (ANOVA, t-test) resulted in a statistical significance for any of the single power bands. Nevertheless, such a 50% reduction in band power observed in all bands in Srf mutant mice might have a biological impact on SE intensity Dusp5 (B) and Dusp6 (c) were induced by an SE in control mice but not as strongly upon SRF ablation. d Primary neurons overexpressed an SRF control protein (SRF-VP16ΔMADS) or constitutively-active SRF-VP16. SRF-VP16 upregulated mRNA abundance of both, Dusp5 and Dusp6. e Hippocampal tissue of heterozygous animals without or with SE was subjected to SRF directed ChIP followed by qPCR for target genes indicated. SRF occupied the promoter of the well-established target gene Fos. SRF was also found at Dusp5 and Dusp6 promoters with comparable intensity to Fos. SRF occupancy was slightly reduced upon SE induction at all promoters. Only low SRF levels were found at an Egr1 gene position not harboring SRF binding sites (Egr1 off target). As further control, unspecific IgG antibodies were employed resulting only in low qPCR signals. Data are represented as mean ± SD. Individual animals are labeled with grey circles (Fig. 1h) . Thus, although we tried to include SRF deficient mice with comparable SE intensity as the control group in all experiments (as judged by the Racine scale), we cannot completely rule out a reduced SE intensity in Srf mutant mice. Thus, differences in e.g. pilocarpine induced gene expression, neurodegeneration and inflammation might partially be due to differences in the initial SE intensity between control and Srf mutant mice.
In contrast to pilocarpine, SRF ablation allowed for initial seizure acquisition in the kainic acid model [22] . This suggests an SRF dependence on the epilepsy inducing agent and associated signaling pathways. Thus, neuronal activity dependent signaling cascades via muscarinergic (pilocarpine) but not so much glutamate receptors (kainic acid) appear to target nuclear SRF function. Our data suggest that SRF modulates pilocarpine signaling not directly at the receptor level, since the M1 muscarinic receptor abundance was unchanged (data not shown) but further downstream e.g. at the MAP kinase level (see below).
Surprisingly, Srf mutants displayed more spontaneous seizures (SRS) despite the reduced SE occurrence suggesting a dual role of SRF in epileptogenesis (Fig. 4) . So far, a similar phenotype has not been reported in other mouse mutants to the best of our knowledge. This elevated SRS frequency was not connected to the initial SE intensity as shown in mice with the SRF deletion being introduced after SE induction (Fig. 4i-l) . In addition, our data are fully congruent with enhanced SRS numbers reported in the kainic acid model in Srf mutants [22] . Thus, regardless of the epilepsy-inducing agent, SRF emerges as important regulator of SRS activity.
So far, consequences of Srf deletion on epilepsyassociated neuropathology were not reported. We show decreased neurodegeneration, inflammation and mossy fiber sprouting in Srf mutant mice (Fig. 7) . The extent of neurodegeneration and inflammation depends on SE intensity and duration. For instance, mice with seizure activity but no SE status or mice with shorter SE periods (<40 min employed in this study) had decreased neurodegeneration or inflammatory responses (data not shown). Therefore we only included animals experiencing the same SE duration (40 min) and SE intensity as scored by the Racine scale (Fig. 7) .
Enhanced mossy fiber sprouting might be proepileptogenic by forming new excitatory seizure-generating circuits [67] . This is controversial since mossy fibers might also excite inhibitory interneurons thereby potentially decreasing seizure activity or might not affect SRS frequency at all [4, 68] . In SRF deficient mice we observed enhanced SRS numbers correlating with reduced mossy fiber sprouting (Fig. 7) . Similarly, Srf mutant mice had decreased neuronal cell loss (Fig. 7) although they experienced more spontaneous seizures (Fig. 4) . Thus, in epileptic wildtype mice SRF would reduce SRS activity and stimulate generation and growth of new mossy fiber sprouts formation, a function in line with reported SRF roles in promoting axon growth in the physiological brain [34] [35] [36] [37] [38] [39] . Our findings favor a scenario in wt mice where these new axon sprouts form inhibitory rather than excitatory circuits, resulting in decreased SRS occurrence. In Srf mutant mice, mossy fiber sprout formation was reduced. This might result in failed inhibitory circuit formation and thereby contribute to the elevation of SRS numbers in Srf mutants. Although we do not provide experimental evidence for this, Srf CaMKCreERT2 mice might be well suited to investigate such a potential antiepileptogenic function of mossy fiber sprouting in future studies.
SRF's function in seizure mediated gene expression
In this study we identified SRF as neuronal activity regulated transcription factor for SE and SRS associated gene expression in the pilocarpine model (Figs. 2, 3, 5, 6 and 8 ). For SRS elicited gene expression this is the first genomewide screen so far reported (Fig. 5) . We show that 1 h after a single SRS (lasting approx. 40 s; Fig. 4h ) many IEGs were induced in an SRF dependent manner (Fig. 5) . Interestingly, this gene set was significantly enriched for GO terms indicating an inflammatory response (data not shown, Additional file 1: Table S1 ). Thus, even short seizure episodes such as a single SRS might elicit inflammatory brain responses.
Taken together with data in the kainic acid model [22] , SRF is involved in SE induced gene expression in two mouse models. Since in our study SRF ablation interfered with SE development (Fig. 1) , reduced gene responses in (See figure on previous page.) Fig. 9 Activity of MAP kinase signaling members is altered upon SRF ablation. a-h Hippocampal sections were labeled with anti P-ERK directed antibodies and counterstained with Nissl. Without SE induction (−pilocarpine), almost no P-ERK signals were observed in heterozygous (a, e) or Srf mutant (b, f) animals. In heterozygous animals with SE, P-ERK levels in the hilus were upregulated (arrowheads in g) in contrast to Srf mutant animals (arrowheads in h). In addition, P-ERK levels were augmented in the CA3 region of epileptic control animals (c; arrows in g). This was even further increased upon SRF ablation and now P-ERK co-localized with mossy fibers (arrows in h). e-h are higher magnifications of (a-d). i-l P-MEK levels were low in heterozygous (i) and SRF deficient (j) animals without SE. Pilocarpine injection induced P-MEK in a similar manner in heterozygous (k) and mutant (l) animals. m-o Quantification of P-ERK levels in mossy fibers (m) and hilus (n) as well as of P-MEK (o). Data are represented as mean ± SD. Individual animals are labeled with grey circles. p Immunoblotting of heterozygous and SRF-deficient hippocampal lysates derived from animals without (−pilocarpine) or with 40 min SE (+pilocarpine). For each condition, two animals are depicted. P-ELK1, P-ERK and P-CREB levels were elevated by an SE in heterozygous control animals but not as much in Srf mutant animals. Scale-bar a-d = 200 μm; e-h = 75 μm; i-l = 100 μm these mice might be an indirect consequence of this dampened neuronal activation. However, to account for this we included in our experiments additionally Srf mutant mice reaching SE status (Figs. 2 and 3 ) and mutant mice with even more spontaneous seizures (Figs. 5 and 6) . In both cases, gene expression was reduced upon SRF ablation arguing against decreased seizure strength as confounding factor.
The pilocarpine and kainic acid models shared a core set of 20-30 genes induced by SE accounting for 20-30% of the top-regulated SE genes (Fig. 2c) . This conserved gene set mainly consists of typical IEGs such as Fos, Fosb, Egr1, Egr2 and Junb (Fig. 2c) and was also induced in human TLE patients [7] . Given this overlap between mouse models and TLE patients, SRF might be an important regulator and potential future therapeutic target in human epilepsy. In opposite to this shared gene set, a majority of top-induced genes might be specific for pilocarpine and kainic acid signaling. However, also other factors diverging between the study of Kuzniewska and coworkers [22] and ours such as time-points and hippocampal region might account for this difference.
What might be the role of these IEGs as SRF effector genes during epilepsy? Many SRF regulated genes including Fos, Fosb, Egr1, Egr2, Atf3 and Npas4 encode for transcription factors. Egr1 and Fos emerged as nodes within STRING networks and might directly or indirectly contribute to SRF target gene expression (Fig. 2d) . Thus, in wildtype mice, SRF might mediate a first transcriptional response resulting in expression of TF encoding IEGs and these most likely initiate a second delayed gene expression wave resulting in expression of further effector genes. Notably, many single mouse mutants of e.g. Fos [69, 70] , Fosb [71, 72] , Arc, [73] , Npas4 [74] , Atf3 [75] , and Btg2 [75] but not of Egr1 [76] show enhanced seizure activity, thus resembling epileptic Srf mutant mice. In c-Fos null mutants mossy fiber sprouting in the kindling model was reduced as observed upon SRF ablation [77] . Thus, although we do not provide functional data, it is conceivable that individual or combined IEG activities are important downstream SRF effectors.
SRF modulates MAP kinase signaling during SE
We observed significant upregulation of the GO term "MAP kinase signaling" including Fos, Jun, Junb, Rasgrf1, Bdnf, Dusp1, Dusp4, Dusp5, Dusp6, Gadd45b, Gadd45g, Il1a and Nr4a1. Essentially all of these genes required SRF for full induction (Fig. 2) . Since Dusp genes are upregulated during SE, we focused in further analysis on these effectors. We observed direct Dusp5 and Dusp6 regulation by SRF (Fig. 8) , in agreement with nonneuronal cells [78] . DUSP phosphatases inhibit ERK kinases thereby providing negative feed-back regulation on MAP kinase signaling [79] . Given the reduced Dusp levels in epileptic SRF deficient animals, one might expect a concomitant rise in P-ERK. Indeed, P-ERK levels were elevated in selected areas in the hippocampus of SRF deficient animals (Fig. 9 ). P-ERK was increased in the mossy fibers but not in the corresponding cell bodies of mossy fibers, i.e. the granule cells of the dentate gyrus upon SRF ablation (Fig. 9e-h) . The latter suggests that enhanced MAP kinase activation upon SRF ablation is spatially confined to the axons and not the cell bodies. Elevated MAP kinase signaling is reported to enhance SRS numbers [47] . This finding correlates with enhanced seizure occurrence upon SRF ablation observed in this study (Fig. 4) and by others [22] . Overall, one SRF function in epileptic wildtype mice appears to involve Dusp gene induction. Subsequently, although we do not show direct functional proof of such an SRF-MAP kinase signaling interaction, DUSP proteins might dampen MAP kinase activity and eventually reduce seizure occurrence. This regulatory loop appears to operate directly on ERK since upstream MAP kinase propagation at the MEK level was unaltered upon SRF ablation (Fig. 9) .
Notably, although impaired Dusp gene induction suggests elevation of P-ERK levels upon SRF ablation, we also observed a region-restricted impairment of P-ERK activation upon SRF ablation in the hilus (Fig. 9) . Several cell types are residing in the hilus including inhibitory interneurons. In Srf CaMKCreERT2 mice, SRF ablation occurs in excitatory but not inhibitory interneurons suggesting an indirect effect of SRF on ERK activation in interneurons, e.g. through granule cell neurons synapsing with these interneurons. Reduced P-ERK signals in the hilus correlated with decreased levels of phosphorylated ELK-1 and CREB (Fig. 9) . The SRF cofactor ELK-1 and CREB were previously reported to regulate neuronal IEG induction [31, 80, 81] . Thus, SRF might team-up with these two gene regulators for epilepsy mediated gene regulation.
Overall, we show first data on the role of SRF in MAP kinase signaling during epilepsy. Our data suggest, although very speculative at this stage that SRF might dampen or augment MAP kinase activity depending on the hippocampal sub-region (e.g. CA3 vs. hilus) or neuron type (e.g. excitatory vs. inhibitory neuron).
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